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Abstract: Several approaches have been proposed to model and simulate the spread of
infectious diseases such as the West Nile virus (WNV). However, these approaches such as
mathematical modeling and cellular automata have some weaknesses when trying to model
and simulate the influence of geographic and climatic features on the disease spread and the
spatio-temporal interactions of various kinds of actors (e.g. mosquitoes, birds, mammals
and humans in the WNV case). In this context, we propose to apply a geosimulation
approach to remedy some shortcomings of current methods. Using such an approach we
developed WNV-MAGS, a tool allowing public health decision policy makers to assess
several intervention scenarios in order to understand and estimate the magnitude of the
evolution of the WNV in a large territory. The assessment and comparison of different
simulation scenarios can help managers make informed decisions. Since WNV is
particularly sensitive to environmental changes, our tool allows a user to explore various
climate scenarios (temperature and precipitation) in addition to intervention scenarios
(larvicide treatments). Since numerous parameters influence such simulations, we carried
out calibrations of the models by using monitoring data (capture of mosquitoes, collection
of dead birds and application of larvicides on the ground) provided by various public health
organizations for the southern part of the province of Quebec and the Ottawa metropolitan
area (Ontario). Furthermore, we are currently exploring avenues to produce a generic
solution to be applied to other zoonoses such as Lyme disease.
Keywords: Multi-Agent GeoSimulation; Infectious Disease Propagation; Climate Change.
1.

INTRODUCTION

A large number of complex phenomena, be they natural or not, influence the society and/or
the environment. There is a need for better understanding these phenomena, especially for
people who have to take actions in order to limit their damage or increase their benefits.
Indeed, modeling and computer simulation can be used to virtually reproduce one or
several phenomena in order to study them. Computer simulation consists in designing
models, implementing these models and analyzing the results of their execution [Fishwick,
1995]. In addition, the simulation can be used to develop tools for decision support. We are
particularly interested in using modeling and computer simulation to help public health
policy makers to better understand the spread of infectious diseases. These diseases are the
result of the transmission of a pathogen (e.g. virus, bacteria) from an infected individual
("host": human or animal) to a healthy individual. Moreover, the expansion of some
zoonoses (diseases transmitted from animal to human) such as the West Nile virus (WNV)
has forced public health authorities to develop monitoring systems. These systems brought
together field data on human and animal infection [Gosselin et al., 2005]. While these
monitoring activities were undertaken to better understand the epidemiology of the disease
and the level of risk it can represent for the human populations, they do not allow for
forecasts of the probable propagation of the zoonosis on the territory. Such a forecast, if it
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proved to be reliable, would allow public health authorities to initiate preventative actions
at the right time and places and at the appropriate level of expected risk. However, it
remains difficult to determine the at-risk zones on a scientific basis and the efficacy of such
measures has been challenged [Ruiz et al., 2004], not to mention their high cost and
environmental impacts. The identification of vulnerable zones and risk levels in due time
remains a significant challenge for public health management due to the complexity of the
phenomena related to the disease transmission.
Several approaches have been proposed to model and simulate the spread of infectious
diseases. However, these approaches such as mathematical modeling, cellular automata and
traditional multi-agent systems have some weaknesses when trying to model and simulate
the influence of geographic and climatic features on the disease spread and the spatiotemporal interactions of various kinds of actors (i.e. mosquitoes, birds, mammals and
humans in the WNV case). Indeed, the simulation based on mathematical models that
generally uses differential equations [Bowman et al., 2005] does not take into consideration
the geographical space in which populations operate, except in certain cases such as patchy
models [Liu et al., 2006]. In spite of the fact that a simulation based on cellular automata
models the evolution of the spatial characteristics of a geographic area involved in the
disease, it does not represent individuals and their mobility [White et al., 2009]. On the
other hand, traditional agent-based simulations of epidemics represent the disease vectors
(e.g. animals) as agents, but usually do not take advantage of data provided by Geographic
Information Systems (GIS) in order to properly locate the agents in the geographic space
[Emrich et al., 2007]. Besides, to be useful for practical decision-making, a system
simulating an epidemic should provide a user with the ability to specify various scenarios in
the context of a “what-if” analysis [Haddad et al., 2008] in order to explore, for instance,
the influence of climate changes and of various intervention strategies. Hence, there is a
need for a simulation approach capable to model: 1) the various actors involved in an
epidemic; 2) their locations in space based on accurate GIS data; 3) their interactions in
space and time. Moreover, such simulations need also to deal with large (or very large)
populations of various species (including humans in certain cases) and their biological
cycles. In this context, we recommend using a multi-agent geosimulation approach [Moulin
et al., 2003] to remedy the shortcomings of current methods. Indeed, this approach enables
a user to study in space and time one or several phenomena and to simulate the behaviours
of the actors taking part in these phenomena, as well as their interactions in a georeferenced virtual environment.
We used such an approach to develop a public health management tool in order to simulate
in a plausible way the behaviours and interactions of populations of indicator birds and of
mosquitoes involved in the propagation and transmission of the WNV. Our approach takes
into account the characteristics of the geographic environment and enables the user to
explore various climatic scenarios and regimens of larvicide treatments. We present in the
next section the design method that we used to develop the WNV-MAGS system. In
Section 3 we explain how the multi-agent geosimulation approach enables us to take into
account the peculiarities of the animal populations involved in the WNV propagation. In
Section 4 we present some scenarios that are available for decision support, and how we
used the monitoring data in order to calibrate the system. In Section 5 we present our
current work including the reengineering of our system and how we plan to develop a
generic solution which can thus be applied to other zoonoses such as Lyme disease. We
conclude the paper with some recommendations.
2.

DEVELOPING OF THE WNV-MAGS

We developed the WNV-MAGS system on top of the MAGS platform (Multi-Agent GeoSimulation) [Moulin et al., 2003]. This platform can simulate thousands of software agents
interacting in virtual geographic environments and having spatial and cognitive abilities
such as perception, memory and navigation. Although one of the first applications of the
MAGS platform was the simulation of crowd behaviours in urban environments, it is a
generic platform allowing the simulation of several types of behaviours in geo-referenced
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virtual environments. It has been used for example to simulate the behaviour of consumers
visiting a shopping center, road traffic and the propagation of forest fires [Sahli et al.,
2004]. Besides, MAGS is composed of several modules performing various tasks, including
a module simulating particle systems [Reeves, 1983]. This module was added as part of a
former work [Bouden, 2004] to simulate irregular shapes such as smoke or gas spreading
through the simulation environment. Although particle systems were initially used for this
kind of simulation, their scope has greatly expanded. For example, they can be used to
simulate animal behaviours such as flight of birds, moving herds and fish schools
[Reynolds, 1987]. It is precisely one of the reasons that led us to use MAGS, and its particle
systems to simulate the behaviour of birds involved in the transmission of the WNV (see
Section 3).
2.1

Collecting Information and Data Preparation

We applied an 'Agile' [Ambler, 2002] analysis and design method which favours the
collaboration with domain specialists and users, as well as quick adaptations of the software
under development. We also applied classical knowledge engineering techniques [Plant et
al., 2002] in order to acquire domain knowledge from the specialized literature and from
domain experts (entomologists and ornithologists) after many work sessions. We then went
through an exploration phase of the field by collecting all available information in order to
understand the phenomena which are related to the spread of WNV. However, given the
enormous complexity involved in representing such phenomena and the lack of detailed
data, we had to raise a number of reasonable simplifying hypotheses with regard to the
species of interest, to the factors influencing the evolution of the populations, the
geographical region selected for the analysis, the period of simulation and the space-time
scale. Then, we designed a conceptual model representing a synthetic view of the
phenomena of interest while taking into account the above mentioned simplifying
hypotheses. For example, we considered only Culex (pipiens/restuans) and crows as the
main two populations of mosquitoes and birds involved in the transmission of the WNV.
Another useful simplification was about the displacements of crows. Indeed, we only
considered the period of the year when crows regroup in roosts in order to spend the night
[Caccamise et al., 1997].
Taking advantage of our conceptual model, we designed the system architecture, which
helped us to implement the WNV-MAGS tool. To create the virtual geographic
environment representing the area of interest, we used GIS data in order to generate the
various spatial data layers needed by the system. Indeed, we used the Geomedia GIS
software in order to handle the geo-referenced data of the DMTI Spatial (CanMap
Streetfiles), the digital maps of INSPQ, and the census shapefiles. Using these data, we
created the bitmap from which the MAGS platform generates the simulation environment.
This bitmap contains polygons representing either municipalities or census tracts,
depending on the area of interest (the southern part of the province of Quebec or the Ottawa
metropolitan area). In addition, we had to pre-process all the data needed to create the two
populations (Culex and crows) involved in the WNV spread. We first estimated the initial
number of individuals of each population at the beginning of the simulation (Figure 1). For
the Culex population, we estimated the number of adults that emerge from the larvae laid
down in sumps (which we supposed to be the main reservoirs of mosquitoes in urban and
sub-urban areas). To this end, we developed a Visual Basic application in order to query the
geo-referenced databases in Geomedia and to compute the total length of roads for each
polygon (municipality or census tract). We then computed the number of sumps in each
polygon by using the total length of roads. Considering the population of crows, we used
the SAS statistical software and the MapInfo GIS to compute a specific density of birds per
region (number of individuals by square kilometer). This was done by estimating an
average of the sightings mentioned by professional or amateur ornithologists using the
ÉPOQ
database
(Étude
des
populations
d'oiseaux
du
Québec:
www.oiseauxqc.org/epoq.jsp) for the southern part of the province of Quebec and the ebird
database (www.ebird.org) for the Ottawa metropolitan area. After the data preparation, we
implemented the system using the MAGS platform which is developed in C++.
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(a)

(b)

Figure 1: Initial population of Culex for (a) the southern part of the province of Quebec
and (b) the Ottawa metropolitan area (Ontario).
2.2

Compartment Mathematical Model

We used a compartment mathematical model [Wonham et al., 2004] in order to compute
the dynamics of the two populations. This model is based on 8 differential equations which
can compute over time the evolution of the different types of individuals: susceptible,
infected, recovered and dead birds, the larvae of mosquitoes and the susceptible, exposed
and infected adult mosquitoes. However, we proposed some modifications in order to
correct some discrepancies that we found in the model. We also included in the model the
climate effects. This was a difficult task because the model was then no more in
equilibrium and this implied several modifications to the differential equations [Noël,
2007]. The adjusted model gives satisfactory results in terms of quality (e.g. distribution of
the mosquitoes generations). Indeed, the pace of the established curves reflects the
biological behaviours of the studied species according to domain experts. However, the
quantitative results first provided by our simulations (e.g. the number of larvae, eggs,
emerged Culex, dead crows, etc.) were not completely satisfactory. We corrected this
problem with the calibration of the system which is presented in Section 4.
3.

GEOSIMULATION OF THE POPULATIONS

We modelled the two populations (Culex and crows) involved in the transmission of the
WNV as well as their interactions in the virtual geographic environment (VGE). Indeed, the
population of Culex represents an extremely large number of individuals and cannot be
represented using individual agents. Instead, we decided to model the mosquito population
as an 'intelligent density map' which is characterized by population data being attached to
reference areas (municipalities or census tracts) in the VGE. This intelligent density map is
a kind of cellular automaton, associated with rules that enable the system to simulate the
evolution of the different sub-groups of mosquitoes (adults, larvae, healthy, infected, etc.)
using the compartment mathematical model. For the population of crows, we used agents to
model groups of crows associated with specific areas where roosts have been observed in
the field. In our model, a roost is considered as the space extension of an aggregate of
crows (a sub-population of crows which gathers in this roost for the period of the year of
interest of our study). During the day, crows disperse around the roost in search of food,
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returning at night. Hence, the spatial phenomenon of gathering and dispersion of this
subpopulation of crows can be represented in a synthetic way in the form of an expansion
and a contraction of the area occupied by this sub-population, varying by roost size (hence,
we can model the variable density of crows in this dynamically changing area). Each roost
agent is implemented as a particle system which simulates the way crows spread around a
roost during the day. Besides, a particle represents one or several crows, depending on the
number of individuals attached to the roost. Each particle has different characteristics
(velocity, movement direction) that enable it to travel at a distance from the roost location
during a number of simulation steps representing a day. Hence, the set of particles
associated with a given roost covers a circular area with a maximum radius set by the
operating range parameter. Besides, the interactions of the mosquito and crow populations
have also been modeled thanks to the geosimulation which enables the system to
automatically determine the places and times where groups of crows (pertaining to roosts)
will cross areas in which the Culex sub-populations are located. Therefore, the system can
estimate the number of infected individuals, based on the likelihood that a number of
individual crows be bitten by Culex and be infected with WNV. Moreover, the user can
visualize the extent of the spread of WNV on the map in different ways. The system can
either change the color of the particles representing the infected crows or the color of the
polygon representing a municipality or a census tract (the reference areas) containing a high
density of infected Culex (Figure 2). Besides, the WNV-MAGS System offers a variety of
functionalities to the user in order to modify the parameters of the mathematical model, to
visualize the progress of the infection in and around the crows' roosts, to extract data from
the simulation and to generate graphs showing the evolution of the involved populations.
(a)

(b)

Figure 2: Geosimulation of the WNV propagation for (a) the southern part of the province
of Quebec and (b) the Ottawa metropolitan area (Ontario).
4.

USING SCENARIOS AND CALIBRATION OF THE SYSTEM

In our system, multi-agent geosimulation is at the heart of a decision support tool. Hence,
our approach is somewhat different from more traditional simulations used for prediction
purposes [Benenson et al., 2004]. Since WNV is particularly sensitive to environmental
changes [El Adlouni et al., 2007], our tool allows a user to explore various climate
scenarios (temperature and precipitation) in addition to intervention scenarios (larvicide
treatments). The assessment and comparison of different simulation scenarios can help
decision makers make informed decisions. User may choose one among five different
scenarios which influence the dynamics of the Culex population. The first scenario is the
default scenario which can be set in order to use average conditions of temperature and
precipitations (using in this case the Canadian Climate Normals). In a second type of
scenario, the user can choose a date during which abundant rains may flush sumps in some
municipalities or census tracts. Sumps offer ideal locations for the maturation of larvae and
the emergence of adult mosquitoes. They are also the main targets of larvicide spraying.
But, abundant rains may flush sumps, killing a large proportion of larvae. In the same way,
the third scenario is used to simulate one application of larvicides in a certain area
(municipality or census tract). The fourth scenario is a combination of the second and third
scenarios. Hence, it is possible to choose a date for the flushing of sumps and another date
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for the application of larvicides. Most larvae are supposed
to die after the flushing of a sump, although the dynamics
of the larval populations starts all over again since there
are always Culex adults in the vicinity of the sump that
will spawn new eggs. The last scenario allows multiple
applications of larvicides (Figure 3).
Besides, we carried out calibrations of the models by
using monitoring data (capture of Culex, collection of
dead crows and application of larvicides on the ground)
provided by various public health agencies for the
southern part of the province of Quebec and the Ottawa
metropolitan area. Indeed, we compared simulation
results and field observations. For example, we evaluated
the ratio between the real populations of Culex and the
samples of Culex captured in traps (a captured mosquito
was considered to represent a population of 300 Culex
over one km2 [Reisen et al., 1991; Reisen et al., 1992])
and as well between crows and the collected dead crows.
Figure 3: Using scenarios.
Concerning the southern part of the province of Quebec,
we chose some key municipalities where human infections had occurred. It appeared
thereafter that there was a significant difference between the data generated by the model
and those obtained from the field. Hence, we tuned up the initial settings of the simulation
(e.g. the initial percentage of infected Culex or infected crows, distance between sumps,
emerged Culex per sump, percentage of sumps containing larvae, etc) as well as some
parameters of the mathematical model (e.g. mosquitoes biting rate of crows per capita,
WNV transmission probabilities from Culex to crows or from crows to Culex, etc). These
changes have helped us to quantitatively calibrate the model for the processed
municipalities. Hence, the parameters adjusted for calibration provide reasonable results
[Bouden et al., 2008]. Concerning the Ottawa metropolitan area, since we lacked data, we
chose only one census tract (number: 5050011.04) in order to validate the model using the
parameters already adjusted for the southern part of the province of Quebec. This tract
contains the largest roost of crows (situated in the General Hospital Campus) and four trap
stations of Culex. The modelling results show again a good fit with real life data (Figure 4).
(a)

(b)

Figure 4: (a) The trap stations of Culex for the Ottawa metropolitan area (the tract
5050011.04 contains 4 stations). (b) Model calibration using the total Culex captured in
traps during the simulation period (1 July – 1 October) for the tract 5050011.04 in 2006.
5.

REENGINEERING AND ADAPTING TO OTHER ZOONOSES

Our MAGS approach and tool can be used not only to simulate the propagation of the
WNV, but can also be adapted to various other vector-borne diseases. We are currently
exploring avenues to produce a generic solution which can thus be applied to other
zoonoses such as Lyme disease. To this end, we are doing a refactoring of our tool in order
to produce more realistic simulations at different levels of granularity. These levels are
based on (1) the users’ needs according to their understanding of the phenomenon, (2) the
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availability of models representing the actors and their behaviours and (3) the availability of
data feeding these models. Furthermore, these levels may vary with (1) the spatial scales of
the geo-referenced virtual geographic environment, with (2) the temporal scales
characterizing the steps of the simulation and with the (3) different categories of actors
(individuals, groups or populations). For example, the temporal scale can be used
differently depending on the simulated disease. Indeed, in the case of WNV, using a day or
at most a week for the simulation steps appears satisfactory for the needs of health decision
makers. Culex that are involved in the spread of WNV have a relatively rapid life cycle
(weeks). However, the case of Lyme disease is different. The life cycle of ticks responsible
for spreading the disease is much longer (2.5 years on average). Hence, a simulation using
for example a month as a simulation step should be considered so that decision makers can
quickly grasp the evolution of the populations of ticks. Besides, we have completed the
conceptual architecture of our new system (called Zoonosis-MAGS) which allows a multilevel geosimulation of different types of infectious diseases such as WNV or Lyme disease.
We are currently developing our new system based on an iterative process. The iterative
aspect is due to the complexity of the overall system.
6.

CONCLUSION AND RECOMMENDATIONS

The solution that we propose (using a multi-agent geosimulation approach) can help health
policy makers to better understand a complex phenomenon such as the spread of a zoonosis
and therefore to make better informed decisions. These decisions can initiate preventative
actions at the right time and places in order to avoid or reduce the negative effects of the
propagation of an infectious disease. However, the lack of data to feed the simulation
models and the quality of data that are available to calibrate these models are among the
main limits of simulating a complex system such as the spread of an infectious disease.
Indeed, it is sometimes impossible to find such data in the literature or even get if from
experts. As a result, assumptions are unavoidable to address the problem of missing data.
Some of these assumptions may reduce the realism of the simulation. To solve this
problem, it is important that additional field studies be carried out by domain experts (e.g.
entomologists, ornithologists). Moreover, the data needed to calibrate simulation models
and obtained from monitoring systems have some bias. For example, the collection or
analysis of data regarding the infected animals is not done on a regular basis and mostly in
a small subset of geographic areas. Sampling is often determined inconsistently in time and
space. Therefore, the very high variability of the data collected by monitoring systems often
causes a lack of adequate data to feed the simulations. The problem lies in the fact that
designers of monitoring systems do not always think of the usefulness of data collected in
order to adequately interpret them. To solve this problem, it is important to enhance the
monitoring systems. For simulation purposes, we suggest to focus on certain areas (e.g.
some municipalities, some census tracts) instead of trying to monitor everything on a large
territory. Therefore, rather then getting huge data sets which are for the most part unusable,
we would obtain more complete data from samples well distributed in time and space. The
data collection should be also carried out repetitively in the same areas in order to insure a
better quality of the data.
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